Targeting of secretory and membrane proteins by the signal recognition particle (SRP) is evolutionarily conserved, and the multidomain protein SRP54 acts as the key player in SRP-mediated protein transport. Binding of a signal peptide to SRP54 at the ribosome is coordinated with GTP binding and subsequent complex formation with the SRP receptor. Because these functions are localized to distinct domains of SRP54, communication between them is essential. We report the crystal structures of SRP54 from the Archaeon Sulfolobus solfataricus with and without its cognate SRP RNA binding site (helix 8) at 4-Å resolution. The two structures show the flexibility of the SRP core and the position of SRP54 relative to the RNA. A long linker helix connects the GTPase (G domain) with the signal peptide binding (M) domain, and a hydrophobic contact between the N and M domains relates the signal peptide binding site to the G domain. Hinge regions are identified in the linker between the G and M domains (292-LGMGD) and in the N-terminal part of the M domain, which allow for structural rearrangements within SRP54 upon signal peptide binding at the ribosome. P rotein transport to or across the plasma membrane in bacteria and the endoplasmic reticulum in eukaryotes is mediated by the signal recognition particle (SRP), a ubiquitous ribonucleoprotein particle (for reviews see refs. 1-3). SRP recognizes amino-terminal signal sequences of newly synthesized polypeptides at the ribosome, and the ribosome nascent chain SRP complex is then targeted to the membrane by an interaction between SRP and its cognate receptor (SR). In the presence of the translocon the signal peptide is released (4-6) and the translating polypeptide is translocated across or inserted into the membrane. The SRP pathway is regulated by the concerted action of GTPases in both the SRP and the SR (7-11). GTP binding is a prerequisite for SRP͞SR interaction (7), and GTP hydrolysis in SRP and SR occurs after the signal peptide is released (8) and resolves the SRP͞SR complex (12).
P
rotein transport to or across the plasma membrane in bacteria and the endoplasmic reticulum in eukaryotes is mediated by the signal recognition particle (SRP), a ubiquitous ribonucleoprotein particle (for reviews see refs. 1-3). SRP recognizes amino-terminal signal sequences of newly synthesized polypeptides at the ribosome, and the ribosome nascent chain SRP complex is then targeted to the membrane by an interaction between SRP and its cognate receptor (SR). In the presence of the translocon the signal peptide is released (4) (5) (6) and the translating polypeptide is translocated across or inserted into the membrane. The SRP pathway is regulated by the concerted action of GTPases in both the SRP and the SR (7) (8) (9) (10) (11) . GTP binding is a prerequisite for SRP͞SR interaction (7) , and GTP hydrolysis in SRP and SR occurs after the signal peptide is released (8) and resolves the SRP͞SR complex (12) .
Although the SRP pathway is evolutionarily conserved, the composition of SRP and the SR varies widely. The complex mammalian SRP consists of six protein subunits (ranging from 9 to 72 kDa) and a 7SL RNA. In eubacteria SRP consists of only one protein subunit (Ffh, fifty-four-homologue) and a 4.5S RNA. SRP in archaea represents an intermediate between these two as only two polypeptides (homologues of SRP19 and SRP54) have been identified in archaeal genomes, and the SRP RNA of Ϸ310 nts resembles the mammalian 7SL RNA (for review see ref. 13 ). The SRP receptor consists of only one protein (FtsY, SR␣ homologue) in eubacteria and archaea, but two proteins (SR␣ and SR␤) in eukaryotes.
SRP54 is the only protein subunit that is conserved in all SRPs, and thus it is the key player in protein transport. SRP54 is essential for binding signal peptides (14) (15) (16) at the ribosome and for GTP-dependent complex formation with the SR (17, 18) . SRP54 is a multidomain protein that consists of an N-terminal N domain (a four-helix bundle), followed by a central G (GTPase) domain and a C-terminal M (methionine-rich) domain. The M domain is responsible for binding signal peptide and the SRP RNA (14) (15) (16) 19) . Homologues of the N and G domains are also present in the SR proteins (FtsY, SR␣). The G domains of SRP54 and SR␣ define a distinct subfamily within the Ras-like G proteins (20) , the SRP GTPases, which are structurally characterized by an insertion (I-box) in the effector region and a close interaction with the N domain (21, 22) . The GTPases in both SRP54 and SR␣ stimulate each other upon complex formation and have been proposed to act as GTPase-activating proteins for each other (8, 9) .
SRP function relies on the tightly controlled communication of SRP54 with external regulators (e.g., the ribosome, the SR, and the translocon) and on internal communication between the domains of SRP54. For example, the interaction of SRP with the ribosome increases the affinity of SRP54 for GTP (23) . SRP54 interacts with the ribosomal proteins L23a and L35 (24) [and their homologues in Escherichia coli (25, 26) ], and the presence of the receptor modulates the interaction between SRP54 and the ribosome (24) . A role of SRP RNA in the regulation of the GTPase and the interaction with the SR has been shown (27, 28) . Interdomain communication in SRP54 has been demonstrated by mutations in a highly conserved motif in the N domain affecting signal peptide binding in the M domain (29) , and the mutation of a universally conserved glycine (Gly-254 in Sulfolobus solfataricus) in the G domain, giving rise to a lethal phenotype and reduced interaction with the SR (30) . Both sites are located in the interface between the N and G domains, which has been proposed to be involved in a common intramolecular signaling mechanism (29, (31) (32) (33) .
A number of structures of the NG domain of Ffh from eubacteria and SRP54 from archaea (22, 31, 32, 34) and the NG domain of FtsY from E. coli (21) have been reported. The structure of a major part of the M domain with and without RNA has also been determined for E. coli Ffh, human SRP54, and Ffh from Thermus aquaticus (35) (36) (37) (38) . The recent structures of the complex of part of the SRP RNA together with SRP19 and the M domain of human SRP54 (38) and of archaeal SRP19 and part of the SRP RNA (39) have provided insights into the assembly of SRP. However, as the linker region between the G and M domains, including the N-terminal part of the M domain, was not ordered in the only crystal structure of SRP54 available so far (35) , there was no information on the 3D domain arrangement of SRP54 and on a SRP54͞RNA complex. We have now solved the structure of the SRP54 from the archaeon S. solfataricus Abbreviations: SRP, signal recognition particle; SR, SRP receptor.
Data deposition: The coordinates and structure factors of the SRP54 and the SRP54͞helix 8 complex have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID codes 1QZX and 1QZW, respectively).
alone and in complex with the helix 8 of SRP RNA at 4-Å resolution. These structures reveal the position of SRP54 relative to the RNA, the spatial arrangement of the SRP54 domains, and a contact between the M and N domains. These data give insights into the molecular mechanism of SRP54 function.
Methods
Protein expression, purification, and crystallization were performed by using standard procedures as described (58) . SRP54 has been shortened by 15 residues at the C terminus according to previously reported structures (35) (36) (37) . The RNA includes 43 nts of the conserved RNA helix 8 (nucleotides 181-223 plus two non-native base pairs) (37) . Crystals were obtained of both SRP54 alone and in complex with its binding site on SRP RNA. The data were processed with MOSF LM͞SCALA (40) . The structures of the SRP54͞RNA complex and SRP54 alone were solved independently by the method of molecular replacement using the programs BEAST (41) and AMORE (42) . The NG domain of SRP54 from Acidianus ambivalens (PDB 1J8M, sequence identity 73%) was used as a search model (31) . Although in both cases the crystals diffracted only to Ϸ4.0-Å resolution (Table 1 , which is published as supporting information on the PNAS web site), the initial maps contained clear extra density in which the RNA and͞or about half of the M domain could be placed by using the structure of RNA helix 8 in complex with the core region of the M domain from E. coli (37) . The presence of well defined, previously unaccounted electron density allowed the tracing of the remaining sequence of SRP54, e.g., the linker region between the NG and the M domains as well as the finger loop. Model building was done with the program O (43) . The model of the SRP54͞RNA complex covers all amino acids in the construct (amino acids 1-432, the His tag is disordered) and complete helix 8 (Fig. 1D ). In the structure of SRP54 alone residues 320-326 in the M domain before helix ␣M1 are not visible in the electron density. The high solvent content (60% for the crystals of SRP54, 80% for the SRP54͞RNA complex), application of strict noncrystallographic symmetry and the use of additional RNA restraints allowed for one round of positional refinement by using a simulated annealing protocol in CNS (44) . Positional refinement has been performed to remove sterical clashes and account for the differences between the search model and our structures.
Both crystal forms were highly twinned, and detwinning the data as perfectly merohedral twinned was essential to refine the structures (58) . Details of the current structures are summarized in Table 1 . All ribbon presentations were prepared by using the programs BOBSCRIPT (45) and RASTER3D (46) . The sequence alignment was done with CLUSTALX (47), and Fig. 1C was done with the program ALSCRIPT (48) .
Results and Discussion
Overall Structure of the SRP Core. The crystal structures of S. solfataricus SRP54 were solved alone and in complex with helix 8 of the SRP RNA (see Methods). The linker region between the NG and the M domain is well ordered, allowing us to describe the thus far unknown arrangement of the domains of SRP54 (Fig. 1 A) . SRP54 appears as an L-shaped molecule, with the NG domain represented by the longer arm of the L and the M domain represented by the shorter arm of the L. In the SRP54͞ RNA structure the RNA helix is approximately parallel to the long axis of the NG domain. This gives the complex the shape of the letter U. The angle between the two arms is Ϸ90°, giving the protein an overall extended and open conformation.
The structure of the NG domain of S. solfataricus SRP54 is similar to the previously determined structure of the NG domain from the closely related Archaeon A. ambivalens (31) , which also belongs to the Crenarchaeota. When compared with the NG domain from T. aquaticus Ffh (22, 32, 34) a number of differences are observed. These are the unique dipeptide GY insertions in Crenarchaeota in the so-called switch II region, a rotation of the N domain relative to the G domain of Ϸ30°a round an axis almost perfectly aligned with helix ␣N4, the conformation of the two loops connecting the helices ␣N1-2 and ␣N3-4 at the distal part of the N domain, and the defined structure of the closing loop (G5 region) in the absence of nucleotide. Recent data suggest that nucleotide binding to SRP54 might not be necessary for complex formation with SR in A. ambivalens (49) . Therefore, the structural differences observed between T. aquaticus and the Crenarchaeota A. ambivalens and S. solfataricus might be functionally significant.
The structure of helix 8 (nucleotides 181-223) of the SRP RNA is essentially as reported for the homologous part (domain IV) of the E. coli RNA (37) (Fig. 1 A and D) . In the S. solfataricus structure the RNA is involved in a crystal contact through stacking of the 5Ј ends. Differences are present in the more distal part of the RNA in and below the asymmetric loop, but higher-resolution data would be needed to accurately describe the changes in this region. The interaction between the M domain and the asymmetric and symmetric loops of RNA helix 8 is essentially as described for the homologous part of E. coli SRP (37) . The M domain has a unique all-helical fold, containing seven ␣-helices ( Fig. 1 B and C) . The C-terminal part of the M domain (M C , helices ␣M2-5) forms the stable core of this domain, which is involved in RNA binding (37) . This region is almost identical to the corresponding part of previously reported M domain structures and the helices ␣M2 (Fig. 2) . This finding indicates that for S. solfataricus SRP54 the domain arrangement as seen in both structures is not an artifact of crystal packing. However, a superposition of the two S. solfataricus structures based on the G domain shows a movement of the M domain toward the NG domain. A more detailed analysis by the program DYNDOM (50) identifies a rotation axis close to the linker region, which runs through the interface between the N and M domains (NM interface).
The observed rotation of Ϸ10°moves the most distal part of the M domain by Ϸ10 Å, indicating the flexibility of SRP54. When the RNA is modeled into the free SRP54, the two ends of the U-shaped structure would come in close proximity. A remarkable shape and charge complementarity is observed between the phosphoribose backbone of the minor groove of the RNA and a region in the G domain around residues 121-126 (Fig. 5 , which is published as supporting information on the PNAS web site). Positively charged residues are conserved in this region of SRP54 (amino acids 121-KKRGYK), but not in the non-RNA binding SR␣ homologues (51) . The affinity of SPR54 for the RNA decreases significantly upon deletion of the NG domain (52, 53) and a protection of the stem of helix 8 (domain IV) along the proximal strand by the NG domain has been reported for the E. coli (54) and Archaeoglobus fulgidus (52) SRP. The corresponding nucleotides (nucleotides 183-185) of the S. solfataricus RNA would be perfectly shielded by the G domain when the U closes as indicated in Fig. 5 . The open structure of the SRP54͞RNA complex may be favored by the stacking of the RNA in a crystal contact. Taken together, these findings suggest that the SRP core may be even more dynamic than observed in the S. solfataricus structures.
The GM Domain Linker Region. In both S. solfataricus SRP54 structures the linker region between the G and M domain (GM linker) is visible as continuous electron density (Fig. 3A and Fig. 6 , which is published as supporting information on the PNAS web site), and the complete fold of the M N domain can now be described. The only direct contact between the G and the M domain is their connection in the protein sequence by the motif 292-LGMGD, which is highly conserved in all SRP54 sequences (51) (Fig. 1C) . Based on the observed movement of the M domain relative to the NG domain this motif seems to form a hinge. The linker region packs against helices ␣N1 and ␣N4 of the N domain ( Fig. 3B) with Leu-292 being involved in a conserved hydrophobic contact. The two glycines may allow for structural rearrangements in SRP54 when it binds to the ribosome nascent chain. This conserved motif is followed by a 17-aa-long ␣-helix (␣ML, linker helix), which packs against the second helix of the M domain (␣M1) mainly through hydrophobic interactions. The intimate contact between ␣ML and ␣M1 allows defining the linker helix as part of the M domain. From our data it seems unlikely that ␣M1 in a complete SRP54 could detach from the M domain and perform a helix swapping with another M domain, as it was reported for the isolated M domain of human SRP54 (36, 38) .
Interaction Between N and M Domains. Only one region of interaction between the N and M domains is observed. The loop connecting the helices ␣N3 and ␣N4 (LN34, residues Glu-58 to Arg-66) at the distal end of the N domain is in close contact with the N-terminal region of ␣ML and the C-terminal region of the short ␣-helix ␣M1b adjacent to the finger loop (Fig. 3B) . In particular, Val-63 packs closely with Val-348 and Ile-352 in ␣M1b and the conserved Ile-64 interacts with Ile-300 in ␣ML. In the SRP54 structure without RNA the LN34 loop is also involved in a hydrophobic contact with the M domain. The high degree of evolutionary conservation of these residues suggests a functional role of this contact. The helix ␣ML is amphipathic and participates in the interaction with the N domain. It seems to form a ''greasy slide'' along which the hydrophobic interface may be adjusted to a certain extend, allowing for the observed flexibility of SRP54. In the T. aquaticus Ffh structure the linker between the G and M domains was disordered, and thus, the topological arrangement of M with respect to the NG domain was ambiguous (35) . However, these crystals were obtained at high detergent concentrations (above the critical micellar concentration), which most likely break these hydrophobic contacts. None of the three positions described for the M domain corresponds to the one observed in the S. solfataricus structures.
Finger Loop and Proposed Signal Peptide Binding Site. The binding site for signal peptides has been proposed to be contained within the M domain with some contributions from the NG domain (14, 15, 55, 56) . A deep hydrophobic groove is formed by the helices ␣M1, ␣M2, and the C-terminal helix ␣M5. The finger loop (between helices ␣M1b and ␣M2, residues 353-373) has been implicated in signal peptide binding and could be built in previous structures only when the hydrophobic groove was occupied by parts of an adjacent molecule in the crystal (35) (36) (37) (38) , and thus was stabilized in an open conformation. In the S. solfataricus SRP54͞RNA complex the structure of the proposed signal peptide binding site is different as it is not occupied by a crystallographic neighbor. The finger loop is involved in a crystal contact and folds into the signal peptide binding groove where it forms mainly hydrophobic contacts (Fig. 4A) . The closed conformation of the finger loop in S. solfataricus, which differs significantly from previous structures, shields the hydrophobic groove from solvent, and may thus stabilize the protein when the binding site is not occupied. Superposition of the M domain structures of S. solfataricus and T. aquaticus based on the rigid part (M C domain) highlights four regions that may be important for adjusting the M N domain during signal peptide binding (Fig.  4B) . Two conserved motifs (343-GP and 353-PG) flank the short helix ␣M1b. The helix-capping prolines maintain the structural integrity of the helix, whereas the glycines provide flexibility in respect to the adjacent helix ␣M1 and the finger loop. The M C domain is insulated from the changes in the M N domain at two points. One is at the N terminus of helix ␣M2 marking the end of the finger loop (Ile-374), and the other is at the beginning of ␣M1 (Leu-329), which has been implicated in RNA and signal peptide binding (57) . However, from the S. solfataricus structure this residue seems to be rather important for anchoring ␣M1 in the hydrophobic core of the M domain as it superimposes well between the different structures of M domains. The angle of ␣M1 with respect to the M C domain varies significantly among the different M domain structures and may play a role in adjusting the hydrophobic groove for signal peptide binding. Taken together, superimposing the structures of the two M domains provides snapshots of the binding groove at different stages of signal peptide binding, with S. solfataricus representing a closed (empty) state and T. aquaticus an open state, which would be able to accommodate a hydrophobic signal peptide in a helical conformation as shown in the model presented in Fig. 4C .
Interdomain Communication in SRP54. Because of the high degree of conservation of SRP54 and helix 8 of the SRP RNA between species (51) the structure of S. solfataricus SRP54͞RNA complex (Fig. 1 A) can also serve as a model for the SRP core of eubacteria and of the mammalian SRP. The latter one can be derived from a superposition with the ternary complex of human SRP (38) without any sterical clashes (see Fig. 7 , which is published as supporting information on the PNAS web site). Besides information on the 3D domain arrangement, the two S. solfataricus SRP54 structures presented here also provide insight into conformational flexibility in SRP54. The two structures suggest the following dynamic changes in SRP54 upon signal peptide binding at the ribosome (Fig. 4D) . In the mammalian system SRP54 crosslinks with two ribosomal proteins (L23a and L35) in close proximity to the exit tunnel (24) . The ribosome induces a structural rearrangement of SRP54 that leads to an increased GTP binding affinity (23) . This may be achieved by resolving the interaction between the N and M domains, which would allow a rotation of the NG domain around the GM linker region. Signal peptide binding into the hydrophobic groove of the M domain of SRP54 opens the finger loop (Fig. 4 B and D) . This involves a tilt of ␣M1 and a movement of helix ␣M1b, presumably via the GP͞PG motifs, which may lead to a structure as observed in the M domain of T. aquaticus (Fig. 4C) . The contact between the N and M domains would be directly influenced by this rearrangement because the interaction with the LN34 loop will be changed or lost (Fig. 4D) . As a consequence, the N domain would no longer be fixed relative to the M domain and two interdomain rotations seem now to be enabled. One is around the conserved LGMGD linker motif in the loop connecting the G and the M domains. The other one is a rotation around helix ␣N4. This rotation is observed between the N and G domains of SRP54 from A. ambivalens (31) and T. aquaticus (Ϸ30°), and in T. aquaticus (Ϸ6°) depending on the nucleotide load (33) . Helix ␣G4 in the interface between the N and G domain can sense this rotation when the LN23 loop moves toward the GTP binding site. In E. coli Ffh point mutations in the highly conserved ALLEADVN motif in helix ␣N2 and in the LN23 loop have indeed an effect on signal peptide binding (29) and the mutation of a conserved glycine in the ␣G4 helix leads to a loss of complex formation with the receptor (30) . Taken together, these findings suggest that signal peptide binding to the M domain may result in a similar structural rearrangement in the NG domain interface as it is needed for, or induced by, GTP binding to the G domain. This would elegantly link signal sequence binding to the M domain with GTP binding to the G domain.
Conclusions
The flexibility of SRP54 described here for S. solfataricus allows for important structural rearrangements during the SRP cycle. The hinge region identified in the GM domain interface may play a crucial role for these rearrangements. The hydrophobic contact observed in SRP54 between the N and M domains relates the signal peptide binding site to the GTPase, which is the basis for signaling between these domains. Regions that have been implicated in the interaction of SRP54 with the ribosome (26) and Fig. 1 A. Rearrangements in SRP54 upon interaction with a signal peptide at the ribosome (see text) are indicated by arrows, the linker region LGMGD is indicated by a blue sphere, the anchor points Leu-329 and the N terminus of helix ␣M2 (Ile-374) as well as the GP and PG motifs are shown as pink spheres. The M N domain is adjusted at the four pink spheres to adopt a conformation competent for signal peptide binding as shown in C. The GTP (space-filling model) and the signal peptide (gray cylinder) are placed in their respective binding sites.
the SR (31) are still available at the protein surface. The structure analysis of SRP bound to the ribosome is a prerequisite to understanding precisely how the ribosome influences the structure of SRP. In addition, the knowledge of the crystal structure of the SRP͞SR complex is essential for understanding the regulation of the GTPases driving the SRP cycle.
